Disposable diapers are widely used in the US and many other areas in the world; therefore, they are ideal media for urine collection for measurement of young children's exposure to pesticides. However, disposable diapers normally contain polyacrylate polymers that make the extraction and analysis of urine very difficult. The objectives of this paper were to evaluate whether disposable diapers that contain polyacrylate granules can be extracted using salt solutions, and whether they can be used for the collection and quantitative measurements of selected urinary pyrethroid pesticide metabolites and creatinine. The storage stability of the metabolites and creatinine in a wet diaper at body temperature and at refrigeration temperature was also evaluated. Salt solutions including calcium chloride dihydrate, magnesium sulfate, ammonium acetate, and sodium chloride solutions were tested for efficiency of polymer shrinkage. Pyrethroid metabolites 3-(2,2-dichlorovinyl)-2,2-dimethyl-(1-cyclopropane) carboxylic acid (DCCA), 3-(2,2-dibromovinyl)-2,2,dimethyl-(1-cyclopropane) carboxylic acid (DBCA) and 3-phenoxybenzoic acid (3-PBA) were analyzed using LC/MS/MS and evaluated for recoveries in the urine released from the diapers. The study found calcium chloride dihydate to be satisfactory in releasing urine and metabolites from the polymers. The percent recoveries for the three tested pyrethroid metabolites were mostly in the range of 65-130. The percent recoveries for creatinine were in the range of 71-133. The detection limit for each of the three metabolites was 0.1 mg/l. The pyrethroid metabolites and creatinine were stable on the diaper for at least 72 h. We concluded from this study that calcium chloride dihydrate can successfully release urine and metabolites from polyacrylatecontaining diapers, and the method is promising for studies of pyrethroid metabolites.
Introduction
For large cohort studies that involve young children who wear diapers, it is highly desirable to develop a convenient and low-cost method to collect urine and to analyze urinary metabolites. Disposable diapers are widely used in the US and many other areas in the world; therefore, they are ideal media for urine collection. However, disposable diapers normally contain polyacrylate polymers, which make the extraction and analysis of urine very difficult. To circumvent the problem of extraction, we attached gauze pads to the diaper to collect urine samples (Hu et al., 2000) . The problem with the gauze method, however, is that only 3-12 ml of urine can be expressed; up to 170 ml of urine is produced from a normal 1-3-year-old child and could be available for analysis. This volume limitation of the gauze pad can impact both the limit of detection and the number of analyses possible for a given sample.
A typical commercially available disposable diaper contains several parts: an absorbent pad made of polyacrylate absorbent powder mixed in fluffy wood cellulose fibers, a porous polypropylene top and back sheet, two lateral tapes, a frontal tape, and elastic around the leg area. The absorbent pad loaded with polyacrylate absorbent powder is the primary part for urine collection (Mukerjee, 2000) .
The polyacrylate absorbents used in diapers are a family of polymers that have extraordinary absorbency. Figure 1 depicts the water absorption process of sodium polyacrylate ([CH 2 -CH-(COONa)-] n ), one of the simplest polymers in commercial diapers. When in powdered state, the polymer chains are coiled. When hydrated, the sodium ion detaches so that the carboxyl groups become negatively charged and repel one another to uncoil the polymer chain to allow more water to associate with more carboxyl groups or sodium atoms. As the polymer continues to uncoil and absorb water, it swells into a gel-like material. As the polymer also has weak cross-link properties, it effectively forms a threedimensional structure (Mukerjee, 2000) .
In the presence of some metal cations, however, the polymer collapses or ''shrinks''. Figure 2 demonstrates the collapse of the polymer chain caused by Ca 2 þ . The Ca 2 þ ions bind the carboxylate groups of the polymer and neutralizes the polyanions. Due to the hydrophobic nature of the backbone, the polyacrylate chain collapses. Combined static and dynamic light scattering suggests a compact spherical shape of the collapsed polymer (Schwein and Huber, 2001 ). This property of the polymer shrinkage makes it possible to release the urine metabolites from the gel diaper again. Once the polymer collapses, much of the absorbed liquid is released, thus recovering the analytes. Pyrethroids are a class of synthetic broad-spectrum insecticides that are widely applied to crops, garden plants, pets, and also directly to humans. By the mid-1990s, pyrethroids use had grown to represent 23% of the US dollar value of the world insecticide market, ranking second only to organophosphorus compounds (Soderlund et al., 2002) . After EPA's ban of two most commonly used organophosphorus pesticides, chlorpyrifos, and diazinon, for indoor use, pyrethroids have been increasingly used indoors. As a neurotoxin, permethrin acts on the sodium channel of the excitatory nerves (Miyamoto et al., 1995) . The most important process in the metabolism of pyrethroids is the cleavage of the central ester linkage, which occurs in the liver (Leng et al., 1997) . Table 1 lists the parent pyrethroids and their corresponding metabolites that are widely used as biomarkers for exposure assessment. The metabolites are mostly excreted in urine. Depending on the pyrethroids investigated, the half-life of the metabolites ranges from 7 to 55 h in blood (Leng et al., 1996) .
In this paper, we tried several salt solutions to collapse the polymer gel in the diaper. The objectives of this paper were to evaluate whether disposable diapers that contain polyacrylate granules can be extracted using salt solutions and whether they can be used for collection and quantitative measurements of selected urinary pyrethroid pesticide metabolites and creatinine. The storage stability of the pyrethroid metabolites and creatinine in a wet diaper was also evaluated.
Methods

Materials
Three pyrethroid metabolites were selected for this study and are listed in Table 1. 
Experiments
A series of experiments were conducted to find the most effective salt to shrink the polymer, the effect of salt concentration on liquid release, the recoveries of creatinine and the target compound metabolites spiked at four levels, and the stability of the pesticides and creatinine on the diaper over 72 h. The details are described as follows.
(1) Optimal salt to shrink the polymer: The purpose of this experiment was to find the most effective salt to shrink the polymer. First, the polyacrylate-containing inner absorbent pad was removed from the outer diaper materials. The absorbent pads were wetted with 75 ml of urine and placed into a flask with 100 ml of a salt solution. The flask was placed on a wrist action shaker for 30 min. The free liquid was decanted and the volume of the liquid was measured. Salt solutions tested included calcium chloride dihydrate, magnesium sulfate, ammonium acetate, and sodium chloride. Each was tested at concentrations ranging from 1 to 45 g/ 100 ml and the comparison for the efficiencies of the salts was made based upon the same ionic strength.
(2) Recoveries of metabolites for Mg and Ca salt extraction: In this experiment, we compared the percent recoveries of the metabolites from diapers extracted with magnesium sulfate solution and calcium chloride dihydrate solution. Fortified urine was prepared by combining 510 ml of normal human urine with a small volume of a solution containing DCCA, DBCA, and 3PBA in methanol to give concentrations of all three analytes equal to 1.0 mg/l. Each of the six diapers was spiked with 75 ml of this solution. After allowing 30 min for the fortified urine to combine with the polyacrylate gel of the diapers, the absorbent pads were cut from the diapers and each placed in a flask. To three of the flasks, 15 g calcium chloride in 100 ml water was added. To the other three, 15 g magnesium sulfate in 100 ml water was added. The remaining fortified urine, added with the solution but that did not go through the diaper, served as controls. Flasks were shaken for 30 min, then allowed to settle. The supernatant was decanted to a beaker, and 20 ml of this was transferred to a polytetrafluoroethylene centrifuge tube.
Acid metabolites were extracted from the supernatant as follows. A measure of 1 ml of concentrated hydrochloric acid was added and mixed on a vortex mixer. A measure of 5 ml of hexane was added, and the tube capped and shaken by hand for 1 min. Tubes were spun down at 11,000 G for 15 min, and the hexane layer was transferred to another tube. The hexane extraction was repeated, and the extracts combined. A measure of 1.0 ml of 0.2 N NaOH was added to the second tube and the tube was shaken by hand for 1 min. The aqueous layer was collected using a Pasteur pipet, transferred to an autosampler vial, and analyzed by highperformance liquid chromatography/tandem mass spectrometry (LC/MS/MS).
Five control samples were prepared and analyzed to evaluate method recovery when no diaper was used. Fortified urine (20 ml) that was mixed with 27 ml of Ca 2 þ solution was acidified and extracted with hexane, and then the hexane layer was extracted with 0.2 N NaOH, as described above.
(3) Impact of calcium level on the recoveries of pesticide metabolites and creatinine: Fortified urine (75 ml, 1.0 mg/l) was applied to nine diapers. The diapers were extracted with 100 ml of CaCl 2 solution. Three diapers were extracted with 100 ml of CaCl 2 solution at 50, 150, and 450 g/l level, respectively. The aqueous layer was extracted and analyzed as above, and the results were compared to look for any correlation between metabolite recovery and the amount of salt used. A portion of the gel supernatant was saved for creatinine determination at a commercial clinical lab. A portion of the unprocessed urine was also analyzed, and the results were compared to determine creatinine recovery across the entire method.
(4) Recoveries at four metabolite levels: Fortified urine was prepared at four metabolite concentrations, 0.1, 0.2, 1, and 5 mg/l. At each concentration level, three diapers were spiked with 75 ml fortified urine. All 12 diapers were extracted using 100 ml of CaCl 2 water solution with a concentration of 150 g/l. Aqueous extracts were obtained and analyzed as described above.
(5) Storage Stability: To simulate overnight urine collection and storage, 15 diapers were spiked with 75 ml of urine fortified with DBCA, DCCA, and 3-PBA at 1 mg/l. Three diapers were extracted and analyzed immediately. Six were placed in an incubator at 371C; three of these were analyzed at 4 h, then the last three at 8 h. Nine diapers were stored in a refrigerator (11C); three were extracted at 24 h, three at 48 h, and three at 72 h. The diaper stored at 371C would reveal analyte perturbations during prolonged wearing (overnight). The diaper stored in the refrigerator would reveal allowable storage after collection and before extraction. Supernatants were also analyzed for creatinine. To determine the creatinine concentration in urine that was not exposed to the polymers, six undiluted samples without going through the diapers were analyzed for creatinine.
Sample Analysis
The LC/MS/MS analyses of the extracts were performed on a PE-Sciex API-3000 triple quadrupole mass spectrometer with Turbo Ion Spray source (Pelkin Elmer Biosystem, Foster City, CA, USA), which was interfaced with a Pelkin Elmer Series 200 Micro HPLC. The ion source was operated in the negative ionization mode, and the mass analyzer was operated in multiple reaction monitoring (MRM) mode. The precursor ions for all analytes were measured as deprotonated quasimolecular ions (M-H). Table 2 shows the precursor and product ions used for each analyte.
A high-performance liquid chromatography (HPLC) separation was utilized to minimize ion suppression from matrix interference. The column was a Luna 3 mm C 18 (2) 50 Â 2.0 mm 2 (Phenomenex, Torrance, CA, USA) with a mobile phase flow rate of 300 ml/min. The mobile phases were: A ¼ water with 0.2% acetic acid (v/v); B ¼ methanol with 0.2% acetic acid (v/v). A gradient program was used as follows: hold 5% B for 1.0 min, linear 5-50% B in 2.0 min, linear 50-95% B in 5.0 min, 95% B for 3.0 min, linear 95-5% B in 1.0 min, hold 6.0 min for column equilibration. A measure of 50 ml of extracts were injected. The first 7.5 min of the analysis was diverted to waste to minimize source fouling, and a make-up flow of 1:1 methanol/water (v/v) was supplied to the ion source from an additional pump during this period.
Aqueous calibration standards with 0.2 N NaOH were analyzed from 1.0 to 50 mg/l prior to sample analysis. An external standard calibration curve was constructed from a 1/ x 2 weighted linear regression, with a minimum of four points. A 5.0 mg/l check standard was analyzed before and after sample sets, with a maximum of 10 samples per set. The difference between the measured and theoretical concentration of analytes in the check standards was required to be less than 20% for sample data to be acceptable.
Creatinine was analyzed by a local clinical laboratory (Quest Diagnostics, Inc., Cary, NC, USA) using a standard optical absorbance method. Samples were stored at 11C until picked up by the company.
Results
(1) Optimal salts to shrink the polymer: Only the calcium and magnesium salt solutions caused observable shrinkage of the polyacrylate. About 50-100 ml of liquid was recovered when 100 ml of the calcium chloride solution with 150 g/l or higher concentration was applied. About 10-30 ml was recovered with 100 ml of magnesium sulfate at the same concentration level. No liquid at all could be recovered from diaper materials treated with the ammonium acetate or sodium chloride salt with comparable ionic strength.
(2) Recoveries of metabolites for Mg and Ca salt extraction: Urine samples added with Ca 2 þ , but not exposed to a diaper (''controls''), had a recovery of 95% for DCAA, 74% for DBCA, and 66% for 3-PBA. Despite the low recoveries for 3-PBA, the precisions for all three compounds were good (o15%). It was felt that this method would be adequate to estimate recoveries from diapers. Percent recoveries were calculated by dividing the measured concentration by the spiking level, and were corrected for dilution and reconcentration. Table 3 shows the percent recoveries of the metabolites in the supernatant obtained from magnesium and calcium solutions. Calcium chloride solutions yielded higher and more consistent recoveries than magnesium sulfate solution. This may be partially explained by the fact that more liquid (50-100 ml) was recovered by calcium solution extraction, compared to magnesium solution extraction (10-30 ml). Larger volumes of liquid might have enabled better mixing and thorough ''washing off'' of the metabolites from the polymer. Percent recoveries for calcium-extracted samples were 85%, 78%, and 61% for DBCA, DCCA, and 3-PBA, respectively. These recoveries compared very well to those from urine controls, which were 95%, 74%, and 66% for DBCA, DCCA, and 3-PBA, respectively. (3) Impact of calcium level on the recoveries of pesticide metabolites and creatinine: The impact of calcium level on the percent recoveries of the pesticide metabolites and creatinine is shown in Table 4 . The results indicate comparable analyte recoveries with CaCl 2 solutions at 50 or 150 g/l level. Recoveries were somewhat lower when CaCl 2 concentration was 450 g/l. We noticed that some extracts (in 0.2 N NaOH) were very cloudy, while others were not. The local laboratory that analyzed the creatinine also reported some difficulties for samples extracted with CaCl 2 solution with a concentration of 450 g/l, presumably due to the high background level of CaCl 2 .
(4) Recoveries at four metabolite levels: The percent recoveries at four levels are shown in Table 5 . The percent recoveries were within 65-122% with good precision in all cases except for DBCA at 0.2 mg/l level and 3-PBA at 5.0 mg/l level. The recovery for DBCA at 0.2 mg/l level for one replicate was much lower than the rest (34%). However, because it did qualify as an ''outlier'' by Dixon's Q-test, it was not excluded for data analysis, which lowered the overall average recovery for DBCA at 0.2 mg/l and caused a relatively high RSD (30%). The reason for the lower percent recoveries for 3-PBA at 5.0 mg/l level, however, is unknown.
(5) Storage stability: The percent recoveries for the target metabolites and creatinine are shown in Table 6 . The results show stable and consistent percent recoveries for all the target metabolites and creatinine for over 72 h. Percent recoveries were between 63% and 133%, except for the samples extracted at 48 h time point. We suspect that this might be caused by the fact that we did not analyze this set of extracts immediately. The extracts were stored 2 days before analysis. We also noticed that all the extracts of this set were cloudy with white precipitates.
The percent recoveries for creatinine were calculated by dividing the estimated urine creatinine concentration in the diaper by the concentration in original urine samples. To determine the creatinine concentration in original urine, six urine samples that did not contact the diapers were analyzed for creatinine. The mean of the six samples was 79.270.89 mg/l. Compared to these six urine samples that did not contact the diapers, the estimated creatinine concentrations in urine released from diaper demonstrated (9) 61 (3) 53 (0) 95 (2) 150 67 (7) 64 (9) 53 (2) 71 (23) 450 59 (15) 62 (29) 41 ( (5) 65 (2) 57 (5) a Results from one replicate were excluded, based upon Dixon Q-test. 
Discussion
This study evaluated the feasibility of using commercial disposable diapers for the analysis of three pyrethroid pesticide metabolites and creatinine. Calcium chloride has proved to be effective in collapsing the polymer matrix of the diaper and releasing the target metabolites from the polymers. Collapsing of polyacrylate chains in calcium solutions has been investigated by many researchers in polymer sciences (Sasaki et al., 1995; Schwein and Huber, 2001 ) and our study agreed with their findings. To obtain enough liquid without causing analytical difficulties for metabolites and creatinine, calcium chloride solution with a concentration of 150 g/l fared better than the other levels. The lower level of 50 g/l released less urine; the higher level of 450 g/l caused analytical problems for both metabolites and creatinine.
In this study, we started with two brands of disposable diapers but the Pampers Premium was dropped after experiment 1. We observed that after the diapers were wetted, the absorbent pads in Huggies Supreme could be easily separated from the porous polypropylene top and back sheet and there was essentially minimum urine absorbed by the top and back sheet. The separation of the absorbent pads from top and back sheets for Pampers Premium, however, was more difficult. A substantial amount of absorbent pad materials could not be easily separated from the top sheet, which made the quantification of metabolite concentrations more difficult.
With a limit of detection of 0.2 mg/l, DCCA was found in 65% of the urine samples collected from a general population in Germany (Schettgen et al., 2002) ; urinary 3-PBA was found in 23% of the urine samples collected from participants in homes using permethrin-treated textile floor coverings (Berger-Preiss et al., 2002) . Our results demonstrated reproducible recovery of metabolites at the 0.1 mg/l level. Therefore, our method should be adequate for studies of general populations with similar or lower exposure levels. Compared to the gas chromatography method (Schettgen et al., 2002) , the liquid chromatography method used in this study does not require metabolite derivatization and therefore reduces time and effort in sample preparation.
In this study, because the DCCA standard obtained was a mixture of cis-and trans-isomers, and the isomers were not completely resolved during the HPLC/MS analysis, the isomers were not separated in calculation to minimize integration errors. Nonetheless, further optimization of the separation to determine accurately each isomer separately is possible when needed.
Storage stability of the metabolites is essential for biomarker measurement. Leng et al., (1997) investigated the stability of pyrethroid metabolites in urine samples collected from adults and found that they were stable for at least 30 days at 41C and for more than a year at À211C. Our study demonstrated that pyrethroid metabolites were stable in diapers containing polyacrylate polymers at 371C for at least 8 h. The metabolites were also stable in diapers stored at 11C for at least 72 h. This indicates that pyrethroid metabolites are stable in polymers in the diaper during the period of overnight urine collection and regular storage period at 11C for at least 3 days.
In this study, some recoveries were below the desirable 70% and were around 65%. Nonetheless, throughout the study the precision was very good, indicating the reproducibility of the method. There is no existing method to extract and analyze urinary pesticide metabolites collected in commercial gel diapers; therefore, our study can serve as the first important step to make use of gel-containing diapers for urine collection and biomarker analysis. Given the simplicity of the method, it has great potential use in largescale studies in which direct analysis of urine from commercial diapers is needed.
